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Observation of Modulated Quadrupolar Structures in PrPb 3 
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Neutron diffraction measurements have been performed on the cubic compound PrPb3 in a [001] 
magnetic field to examine the quadrupolar ordering. Antiferromagnetic components with q=(i±<5 
\ 0), (i 0) (5 ~ g) are observed below the transition temperature Tq (0.4 K at H—0) 

whose amplitudes vary linear with H and vanish at zero field, providing the first evidence for a 
modulated quadrupolar phase. For H <1 T, a non-square modulated state persists even below 
100 mK suggesting quadrupole moments associated with a F3 doublet ground state to be partially 
quenched by hybridization with conduction electrons. 

PACS numbers: 75.25.+Z, 61.12.Ld, 75.30.Kz, 75.20.Hr 
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In recent years, there has been a growing interest to- 
wards the role of orbital degrees of freedom in d as well 
as / electron systems. A number of unusual properties in 
transition metal compounds have been discussed on the 
basis of underlying orbital orders. In the case of 4/ elec- 
tron systems, the strong intra-atomic spin-orbit coupling 
forces the magnetic and orbital degrees of freedom to be 
described in terms of the total angular momentum J . For 
instance, an orbitally degenerate level carries quadrupole 
moments (rank-2 irreducible tensor operators in J). In a 
cubic (Oh) system, up to five independent quadrupole 
moments are defined (two T3 type and three T§ type op- 
erators) [10. The orbital ordering in / electron systems, 
i.e., a spontaneous lifting of the orbital degeneracy by in- 
teractions, therefore is a phase transition of quadrupole 
moments. In reality, active quadrupole moments depend 
on the low-lying crystalline field levels of the 4/ ions. 

Following magnetic orderings, one refers to uniform 
alignment of the quadrupole moment as a ferroquadrupo- 
lar state, whereas an ordering having a staggered 
quadrupolar component is called an antiferroquadrupo- 
lar (AFQ) state. To date, however, the number of AFQ 
systems whose ordering structures and the order param- 
eter (OP) are identified is still limited. They include 
CeB 6 0, H, TmTe 0, DyB 2 C 2 0, UPd 3 and 
PrFe4Pi2 0. Because of a lack of internal magnetic field 
(time reversal symmetry is conserved) and smallness of 
the associated lattice distortion, there are only a few ex- 
perimental methods to explore the AFQ structure micro- 
scopically. Among them, neutron diffraction in magnetic 
field is a powerful method to investigate the AFQ OPs 
as well as the ordering wave vectors. In an AFQ phase, 
a uniform magnetic field applied along a suitable direc- 
tion generates a staggered magnetic moment which has 
the same periodicity with the underlying AFQ structure. 
Note that the direction of the induced staggered compo- 
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nent is closely related to the symmetry of the OP 0. 
This technique has been applied successfully to many of 
the AFQ compounds mentioned before to identify their 
OPs. 

So far, all the AFQ structures known have simple 
q vectors (simple alternations of the quadrupole mo- 
ments) 0, m, LJ Lit III HI 111 • One of the reasons for this 
could be the short range nature of quadrupolar interac- 
tions. Nevertheless, it has been argued theoretically that 
an indirect quadrupolar interaction of RKKY type might 
exist in some intermetallic systems |l|, Il0| and as a mat- 
ter of fact, as pointed out recently, these indirect mul- 
tipole interactions are responsible for the unusual prop- 
erties of CeBg 0, In metallic systems, the exis- 
tence of long range quadrupolar interactions would not 
rule out the possibility of modulated or incommensurate 
AFQ structures. 

In the present study, we focus our attention on the in- 
termetallic compound PrPb3 with the AuCu3-type cu- 
bic structure. The crystalline field ground state of 
PrPb3 is a non-Kramers doublet |13l IT^ . with a 
magnetic Ta triplet lying 15~19 K above the ground 
state [lj,[ia,ll3- Since the T 3 doublet carries quadrupole 
moments 0§=(3J 2 ~ J 2 )/ 2 and 0|=V3(J 2 - J 2 )/2, 
PrPb3 is a good candidate for a quadrupolar transi- 
tion. The compound exhibits a second-order transition 
at 0.4 K with a lambda-type anomaly in the specific 
heat 0, 0| . Absence of a magnetic superlattice reflec- 
tion and a lattice distortion in the neutron diffraction 
measurement performed in zero magnetic field Il4j sug- 
gests the phase transition to be of AFQ type |1S| . 

The idea of an AFQ ordering has further been strength- 
ened by the H — T diagram study 0, in which reentrant 
behavior with a significant enhancement of the transition 
temperature Tq is observed for H || [100], as is often the 
case for AFQ ordering systems. A mean-field analysis 
based on a simple two-sublattice model succeeded in re- 
producing the overall features of the reentrant phase dia- 
grams of PrPb3 with an alternating alignment of the T3- 
type quadrupole moments as the possible OP. Shortly af- 
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FIG. 1: Evolution of the magnetic scattering in a field of 
H=4 T applied along the [001] direction, obtained in a tem- 
perature interval of 0.125 K<T<0.81 K. The Q-scans were 
performed along the line (h^O), as indicated by a red arrow 
in the (hkO) reciprocal plane (inset) where open and closed 
circles represent the nuclear and the magnetic reflections ob- 
served at T=0.125 K, respectively. 



ter, angle-resolved magnetization measurements revealed 
characteristic field-angular oscillations of Tq(H), which 
can be interpreted by assuming OJj-type AFQ moment 
and its equivalents to be the OPs at low H (<7 T) [lflj . 

So far, no microscopic verification for an AFQ or- 
dering has been obtained in this system. Our prelimi- 
nary neutron diffraction measurement in a [110] magnetic 
field ((110) scattering plane) could not detect any field- 
induced antiferromagnetic reflection in the AFQ phase 
below 3 T poj . In the present work, we have continued 
the experiment in a magnetic field applied parallel to the 
[100] direction using a larger crystal of higher quality, 
and succeeded in observing field-induced superlattice re- 
flections which, as we will discuss below, to our surprise 
are associated with modulated quadrupole structures. 

Single crystalline PrPb3 was grown by the Bridgeman 
method. In the present study, a specimen with 10 mm 
diameter by 24 mm long was used. Neutron diffraction 
measurements were performed using the ISSP triple-axis 
spectrometer GPTAS (4G) installed at the JRR-3M re- 
search reactor in Japan Atomic Energy Research Insti- 
tute. More details of the experimental procedure will be 
published elsewhere. 

Figurenshows the results of Q-scans along the (hiO) 
line carried out in a field of H=4 T at various tempera- 
tures ranging from 0.125 K to 0.8 K. On cooling below the 
transition temperature Xq=0.65 K where quadrupolar 
ordering has been report ed|l6j , strong superlattice reflec- 
tions appear at qi=(^±8 | 0) with S ~ 1/8. On further 
cooling below T t =0.45 K, i.e., the first-order transition 
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FIG. 2: Field dependence of the square root of the (§|0) 
reflection intensity (circles) at T=0.32 K. The background was 
subtracted from the data. The intensity of the (fjO) peak 
(triangles) is also shown as a function of H. Small arrows 
indicate the direction of the field scan. 

temperature found in magnetization[2l] and specific heat 
measurements [22j . the third-order harmonic ^ = (^±3(5 
\ 0) with much weaker intensity is found to develop. Sim- 
ilar reflections were also observed at qi={\ \^ 0) an< ^ 
q' 2 ={\ 5±3<5 0) as well. The inset of Fig. □ shows the 
(hkO) reciprocal plane (_L H) investigated, where open 
and closed circles represent the nuclear and the magnetic 
reflections, respectively, observed in a field of H =4 T at 
T=0.125 K. We observed that the integrated intensity of 
the superlattice reflections has no significant dependence 
on the angular direction of the scattering vector. We also 
carried out a similar Q-scan experiment at several fields, 
but could not observe any noticeable change in the rela- 
tive intensity between the reflections at qi and qi- Hence 
a change in a domain population, if any, is confirmed to 
be very small. 

Knowing that the domain population change is negligi- 
ble, we may estimate the field variation of the staggered 
component from the intensity of the (§^0) reflection. In 
Figure we plot the square root of the scattering inten- 
sity (background subtracted) at T=0.32 K as a function 
of H . Keeping in mind that the peak width is virtually in- 
dependent of H, the square root intensity is proportional 
to the staggered component. The intensity vanishes at 
H=0, consistent with the previous work reporting the 
absence of antiferromagnetic scattering in zero field [l4|. 
The important point is that the staggered component de- 
velops proportional to H up to 2 T. This fact strongly 
indicates that the observed superlattice reflections arise 
from an induced antiferromagnetic moment in the pres- 
ence of an underlying AFQ ordering j23|. The present 
experiment thus confirms the AFQ ordering in PrPb3, 
and to the best of our knowledge, provides the first evi- 
dence of a modulated (5 ^ 0J quadrupolar ordering. 

At around 2.1 T, we observed a jump in the scattering 
intensity with an apparent hysteretic behavior, indicat- 
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ing an occurrence of a first-order transition at this field. 
Associated with this transition is the 3rd-order harmonic 
q[ as shown in Fig. El We found that this transition field 
remains finite (>1 T) on cooling down to below 100 mK. 
It is important to note that no harmonic component is 
observed in the low field phase. 

Figure shows the H—T phase diagram of PrPb3 for 
H parallel to [001] obtained by the present experiment. 
The quadrupolar transition line is defined by the onset 
of the qi and q 2 superlattice reflections. The obtained 
phase boundary Tq(H) agrees well with the phase line 
reported in the specific heat and magnetization measure- 
ments [Hil2lll23- Within the AFQ phase, we observed a 
first-order phase transition characterized by the appear- 
ance of the q[ and q' 2 harmonic reflections. This transi- 
tion line T t (H) again agrees with the results of previous 
thermodynamical measurements 0, |2^. The inset of 
Fig- El shows the temperature dependence of the position 
of the \ 0) superlattice reflections in a field of 4 T. 

In the temperature range T t < T <Tq, S takes a value 
slightly below 1/8. Upon the first-order transition at T t , 
S exhibits a jump to a value very close to 1/8. Although 
more careful study would be needed, we expect that the 
phase below Tq is an incommensurate state and Tt is 
a lock-in temperature into the commensurate state with 
(5=1/8. Noteworthy, the T t (H) line does not intersect 
with the abscissa for low T and the modulated phase 
continues to exist to T — > at low fields below 1 T. 

We now discuss possible magnetic and quadrupole 
structures of PrPb 3 in a [001] field. While the field- 
independence of the relative intensity of the q\ and q 2 re- 
flections favors a double-^ structure, we cannot rule out 
the possibility of a single- q structure with two equally 
populated Q domains. The direction-independent scat- 
tering intensity within the (hkO) plane leaves two pos- 
sibilities regarding the polarization of the field-induced 
antiferromagnetic component fj, af; fJ- af is either parallel 
to [001] or rotating in the (001) plane. Although the lat- 
ter structure cannot be excluded from the present neu- 
tron scattering data alone, it is incompatible with the 
quadrupole OPs in the T3 doublet state and therefore we 
will not discuss this possibility here 0. In the former 
case, the alignment of (j,af along the [100] axis is given 
in Figure^Jby the thick arrows, where we assume (5=1/8 
for simplicity. The observed superlattice reflections be- 
low Tq (AFQ I) is best described by a sinusoidally mod- 
ulated antiferromagnetic structure as shown in Fig.^a). 
The amplitude of the staggered moment is determined 
to be |/x A f|=0.48±0.17 /i b at 4 T and 0.50 K assum- 
ing a single- q structure. Below T t (H), this state under- 
goes a first-order transition into an antiphase structure 
(AFQ II) as shown in Fig.^Jb) which is accompanied by 
third harmonic reflections at q[ and q' 2 ■ The polariza- 
tion of /iaf || [001] (angular momentum operator J z ) is 
compatible with the quadrupole moment 2 0, being 
consistent with the analysis of the recent angle-resolved 
Tq(H) measurement 19|. Since the field-induced /^af is 
proportional to the AFQ OP [23|, it is concluded that 
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FIG. 3: H—T phase diagram of PrPh>3 in a [001] magnetic 
field. Open and closed triangles denote the transition points 
determined from the T- and if-scan measurements, respec- 
tively. For both cases, the upward and downward triangles 
represent the increasing and decreasing T(H) scans, respec- 
tively. AFQ I denotes the possible incommensurate structure 
with the wave vectors q=(-^±8 | 0) and/or (| ^±<5 0), (<5~|). 
AFQ II denotes the antiphase structure as discussed in the 
text. The inset shows the temperature dependence of the 
center position of the magnetic reflection at around q=(^—5 
| 0) in a field of H=4 T, obtained on cooling below 0.75 K 
as shown by the arrow. 



the 2 moment should show a similar sinusoidal oscilla- 
tion in this phase as schematically illustrated in Fig. 0Ja) 
where the solid line represents the amplitude of the 2 
moment. Below Tt, the 2 moment would also take the 
antiphase structure as shown in Fig. OJb) . 

Recalling that PrPb3 is a T3 non-Kramers doublet 
ground state system, it is reasonable that the system 
undergoes a phase transition from the sinusoidal to the 
antiphase structures at low T. In general, the sinu- 
soidal structure is stable only at a high temperature re- 
gion below Tq where thermal fluctuations are dominant, 
and gives way to the antiphase (square) structure in the 
ground state to reduce the entropy, as is often seen in 
magnetic ordering systems. Calling back the phase di- 
agram in Fig. El however, we find that the non-square 
modulated phase persists down to the experimental ac- 
cessible temperature of 100 mK in low fields below 1 T, 
without any indication of further transition. This ob- 
servation is hardly understood within the framework of 
a localized / electron model in which the (pseudo) de- 
generacy with respect to the doublet would remain in 
a part of Pr sites. Similar phenomena of non-antiphase 
modulated structures persisting toward T — > have also 
been reported in magnetic Kramers compounds, in which 
a Kondo screening effect is considered to be relevant 
for stabilizing such states at T=0 pil |25| . The anal- 
ogy to those magnetic systems strongly suggests that 
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FIG. 4: Field induced antiferromagnetic moments and the 
possible quadrupole structures along the [100] axis(j/=0) in a 
[001] field, (a) sinusoidal structure with q=(^±S | 0), and 
(b) antiphase structure with q=(^±5 \ 0) and (^±35 \ 0). 
We assume that <5=| for simplicity. Uniform components 
are not included. The solid lines denote the amplitude of 
the staggered components, whose phase factor is arbitrarily 
chosen. 



the local quadrupole moment in PrPb3 should be partly 
quenched in the modulated phase at very low T due to 



the quadrupole Kondo effect. 26] Possibility of the Kondo 
effect associated with the orbital degeneracy has been dis- 
cussed in several U- and Pr-based systems , 
but is still not well established experimentally. Very re- 
cently, it has been recognized that the strong hybridiza- 
tion effect between Pr 4/ and conduction electrons does 
exist in some of the Pr-based skutterudites, leading to 
heavy fermion behavior and unconventional supercon- 
ductivity [13, EI ■ The present results on PrPb 3 would 
provide another piece of evidence for the Kondo effect in 
Pr (4/ 2 ) systems [s^. It would be interesting to exam- 
ine the low energy excitation of this system at very low 
temperatures. 

In summary, neutron diffraction experiment in a mag- 
netic field has revealed a modulated quadrupole strucu- 
ture in PrPb3 which persists as T^0 at low field. The 
results suggest a Kondo screening of the quadrupole mo- 
ments of Pr 3 + in the ground state. 
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